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Abstract In high-speed dry milling of thin-walled parts,
the cutter-workpiece temperature rises asymptotically
with cutting speed, causing excessive cutter tooth wear
and workpiece thermal expansion, which in turn re-
duces the cutter life and produces dimensional and geo-
metrical variabilities in the machined part. Therefore, a
basic understanding of the thermal aspect of machining
and the effecting parameters is essential for achieving
better part quality with improved productivity. This
paper presents a transient milling simulation model to
assist manufacturing engineers in gaining in-depth un-
derstanding of the thermomechanical aspects of ma-
chining and their influence on resulted part quality.
Based on the finite-element method approach, the
model can predict transient temperature distributions
and resulted elastic-plastic deformations induced dur-
ing the milling of 2.5D prismatic parts comprising fea-
tures like slots, steps, pockets, etc. The advantages of
the proposed model over previous works are that it (1)
performs feature-based machining simulation consid-
ering transient thermomechanical loading conditions;
(2) allows modeling the effects of coolant on convec-
tive heat transfer rate; and (3) considers the nonlinear
behavior of the workpiece due to its changing geome-
try, inelastic material properties, and flexible fixture–
workpiece contacts. The prediction accuracy of the
model was validated with experimental results obtained
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during the course of the research work. A good agree-
ment between the numerical and experimental results
was found for different test cases with varying part
geometries and machining conditions.
Keywords Milling · Finite-element methods ·
Deformations · Cutting temperature · Cutting forces
Nomenclature
D Cutter diameter (mm)
z Number of flutes
β Helix angle (degrees)
α Rake angle (degrees)
hm Undeformed chip thickness (mm)
V Cutting speed (m/s)
Vf Feed speed (m/s)
ap Axial depth of cut (mm)
ae Radial depth of cut (mm)
n Spindle speed (rps)
ft Feed-rate per tooth (mm/tooth)
Kc Specific cutting pressure (N/mm2)
Uw Heat dissipated into the workpiece (W)
ρ Workpiece material density (kg/m3)
K Workpiece thermal conductivity (W/m-K)
Cp Workpiece specific heat (J/kg-K)
Tf Time to cover a feed-step (s)
Fsub Number of feed sub-steps
Fx Cutting force along feed direction (N)
Fz Cutting force along radial direction (N)
Fy Cutting force along axial direction (N)
Volmat Volume of material removed per feed-step
(m3)
Tc Cutter contact duration (s)
Tnc Cutter noncontact duration (s)
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T Torque applied on a clamping bolt (N-mm)
Db Clamping bolt diameter (mm)
Fclamp Clamping load (N)
CTE Coefficient of thermal expansion (m/m-K)
E Young modulus (N/mm2)
ET Tangent modulus (N/mm2)
Y Yield strength (N/mm2)
μ Poisson ratio
1 Introduction
Today, the high-speed machining process has found
wide acceptance among the manufacturing community,
especially in the aircraft and automotive sectors, be-
cause of its enhanced productivity. It has been success-
fully applied for manufacturing large-size thin-walled
structural parts of light-weight aluminium alloy. De-
spite the wide application of this advanced technology,
it still faces a severe problem of inducing very high cut-
ting temperatures causing excessive thermal expansion
of the workpiece specifically under dry machining con-
ditions. The cutting parameters, namely, cutting speed
and feed rate, have the greatest influence on the cutting
temperature. Since cutting forces generally do not vary
strongly with cutting speed, increasing the cutting speed
increases the energy dissipation rate through plastic de-
formation and, thus, the rate of heat generation in the
cutting zone [22]. If the thermal conductivity (K) and
heat capacity (ρCp) of the work material is higher, then
the generated heat is more readily conducted into the
workpiece, causing thermal expansions, which can pro-
duce severe part irregularities. Dimensional and form
errors due to this source can be minimized by designing
an appropriate machining operation sequence such that
part features with critical tolerances will be machined
first to avoid heating the part when cutting noncritical
features [22]. Therefore, for making an appropriate
choice of the cutting parameters and the operation
sequence, in-depth understanding of the heat transfer
phenomenon during machining is necessary.
In the recent past, various techniques have been dev-
eloped for studying the thermal aspects of machining
and are broadly classified into two, namely, (1) the ex-
perimental approach and (2) the numerical approach.
With the recent developments in machining auto-
mation, various cutting temperature measurement
techniques, including tool–work thermocouple, embed-
ded thermocouple, and infrared pyrometer, emerged.
Literature reveals that the aforesaid experimental
techniques have been widely applied in the turning
process [10–13, 16, 22] due to its simplicity, whereas
little work has been done in the milling process due
Fig. 1 Adaptively meshed raw stock FEM model showing vol-
ume of material removed at the end of feed-step one
to the difficulties that arise from the rotation of the
cutter and the confined work space. Since it is also
tedious to calculate directly the milling temperatures
at the tool–work interface based on the plastic work of
the chip formation as reported in [8], the inverse heat
transfer method was employed in the works of Lin [8],
Ming et al. [12], and Shen [21] for estimating the
transient tool-face temperature and heat dissipation in
the workpiece during a slot milling process using the
measured workpiece surface temperature. Recently,
various finite-element method (FEM) and finite-
difference method (FDM) based numerical models
were also proposed for the determination of the tem-
perature distribution in the workpiece and the cutting
tool [5, 15]. Lazoglu and Altintas [5] proposed a FDM-
based oblique cutting model for the prediction of tool
and chip temperature fields in continuous and intermit-
tent cutting operations. In the recent work of Fang and
Zeng [3] FEM was used in the development of a 3D
model of the oblique cutting process for the prediction
of temperature distribution in the workpiece, tool and
chip. Most of these works mainly dealt with single-point
oblique cutting operations, with a particular empha-
sis on the prediction of tool–chip interface tempera-
ture in the CNC turning process. Machining-induced
temperature distribution in the workpiece was esti-
mated for a simple single pass slot milling operations in
Table 1 Aluminium alloy (Al-7075) thermomechanical proper-
ties [20]
K 130 Cp 960 ρ 2,810
E 71,700 ET 900 Y 503
Kc 600 CTE 25.4 × 10−6 μ 0.33
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Fig. 2 Flowchart of the developed FEM-based fixture design
module
only a few reported works [8, 12, 21]. However, these
studies ignore the structural analysis of the machining
process for predicting part deformations under coupled
thermomechanical loading conditions.
Despite a significant amount of published research
work and developments in this area, there is still a lack
of a comprehensive milling simulation model which, by
taking into account the effects of the overall milling
process parameters, namely, the operation sequence,
the tool-path, the fixture layout, and the cutting vari-
ables (cutting speed, feed rate, and depth of cuts),
simulates the thermomechanical aspects of machin-
ing. Increased attention is therefore being focused on
the development of a computationally efficient milling
process model, well capable to perform thermome-
chanical analysis of the metal cutting process in a 3D-
virtual machining environment and realistically predict
the resulted part quality.
2 Considerations
The following considerations were made in the devel-
opment of the FEM based milling simulation module:
• Temperature-independent material properties are
assigned to the fixture–workpiece FEM model.
• The elastic-plastic FEM model of the workpiece
and the fixture elements are created using the bi-
linear isotropic hardening option available in the
ANSYS program [1].
• Workpiece vibrations and cutting tooth wear that
might occur during machining have been excluded
for simplicity.
• Fixture–workpiece surface–surface flexible contact
pairs can be created using the ANSYS contact mod-
eling functionalities.
• The initial gap and penetration between the contact
pair is assumed to be zero.
(a) (b)
Fig. 3 Developed fixture configurations and measuring sensor locations. a Fixturing using strap clamps. b Fixturing using wedge clamps
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• Back and forth tool path strategies are only consid-
ered.
• Transient loading conditions are applied along the
cutter trajectories.
3 FEM-based milling simulation model
In this work, for analyzing the phenomenon of heat
dissipation into the workpiece and its influence on part
deformation, a 3D model of the transient coupled field
(thermomechanical) milling process was developed on
top of a commercial FEM program called ANSYS
[1]. The developed system allows users (1) to create
(a)
(b)
Fig. 4 Strategy to apply loads in the approximated cutting shear
plane area. a Cutter swept volume during one feed step (radial
feed from left to right). b Feed-step and shear plane description
3D FEM models of the fixture–workpiece configu-
rations, (2) to apply appropriate machining bound-
ary conditions (like coolant effects, degree-of-freedom
constraints on fixturing elements, transient machining
loads, etc.), and (3) to perform transient thermal analy-
sis followed by structural analysis where the transient
temperature distribution profiles (obtained in the ther-
mal analysis) are applied along with the cutting forces
to predict part deflections and elastic-plastic deforma-
tions during the machining process. Important steps
involved in performing the milling process transient
coupled field analysis are as follows:
Step 1 Construct finite-element model of the work-
piece
First, the FEM model of the workpiece is created
sequentially to perform the sequential thermomechan-
ical coupled field analysis with the eight nodes thermal
SOLID-70 and structural SOLID-45 brick elements
using a uniform element size (i.e., El × El × Eh as
shown in Fig. 1) for parts having wall thickness greater
than 3 mm; otherwise, the adaptive mesh approach
was used for reducing the computational time. The
adaptive mesh was generated by first meshing the fi-
nal part geometry with an element size equal to the
wall thickness and then the workpiece volume to be
removed during the transient machining simulation was
meshed using coarser elements as shown in Fig. 1. The
selected elements 3D transient conduction–convection
modelling capabilities, compatibility for coupled field
analysis, provision to import initial stresses, and death
and birth features allow more realistic modeling of the
material removal process. Workpiece material thermal
and mechanical properties used in the present work are
listed in Table 1.
Step 2 Construct finite-element model of the fixture
elements
The working principle of the developed FEM-based
fixture design module is demonstrated in Fig. 2. It
allow users to either create a fixture–workpiece con-
tact model or simply apply fixturing by constraining
workpiece surface nodes. Using the first option, one
can achieve better accuracy over the latter due to its
flexible boundary conditions but has to pay more in
terms of computational time (approximately 10 times
for the considered test cases) comparing to the one
with rigid boundary conditions. In this work, fixture–
workpiece surface–surface contact pairs are modeled
using the ANSYS TARGE 170 and CONTA 173 four-
node contact elements. As contact problems are highly
nonlinear, consideration of complex fixture element
geometry may result in excessive computational cost
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Fig. 5 CAD model of a test
part (numbering 1–8
corresponds to machining
feature IDs)
or even cause convergence problems; therefore, to en-
hance the performance and avoid convergence fail-
ure, strap clamps, wedge clamps, and C-clamps [14]
with screw fasteners were considered. A fixture design
module with a user interface has been developed and
integrated within the main system, for allowing fast and
accurate fixture configuration design in an interactive
environment. Typical fixture configurations modeled
using the fixture design module are presented in Fig. 3.
Step 3 Material removal simulation
For simulating the nonlinear thermostructural be-
havior of the workpiece due to its changing geometry
during the transient metal removal process, a new,
computationally efficient methodology has been devel-
oped using the death and birth feature of the selected
FEM elements. The material removal along the cutter
feed direction is simulated by deactivating a set of
elements equivalent to the cutter swept volume per
feed-step (i.e., Volmat, obtained from Eq. 3) as demon-
strated in Fig. 4(a–b). The feed-step corresponds to the
distance between two adjacent cutter location points
(dots shown in Fig. 1), and the feed-time to cover this
distance (Tf ) is calculated from the specified cutter feed
speed (Vf , Eq. 1) and element length (El) as given in
Eq. 2.
Vf = n ∗ z ∗ ft (1)
where, ft is feed per tooth (mm/tooth).
Fig. 6 Strategy to apply the
intermittent machining loads
as a function of the
undeformed chip thickness
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Table 2 Process plan and machining feature description for test part shown in Fig. 5 and calculated heat dissipation rate (Uw))
Feature ID/ Type Datum Dimensions (mm)a ft n ap (mm) ae (mm) D (mm) z β α Uw (W)
Operation No. (X,Y,Z)
1 Step 0,40,220 60 × 48 × 12 0.08 50 12 12 16 2 30◦ 9◦ 435
2 Step 0,28,220 56 × 40 × 24 0.08 50 12 20 20 2 30◦ 9◦ 542
3 Step 64,40,0 60 × 48 × 12 0.08 50 12 12 16 2 30◦ 9◦ 435
4 Pocket 60,40,168 56 × 56 × 16 0.07 66 8 8 20 2 30◦ 9◦ 557
5 Pocket 60,40,108 56 × 56 × 16 0.07 66 8 8 20 2 30◦ 9◦ 557
6 Slot 64,40,140 48 × 48 × 36 0.05 66 12 12 20 2 30◦ 9◦ 447
7 Slot 64,40,80 48 × 48 × 36 0.05 66 12 12 20 2 30◦ 9◦ 447
8 Slot 64,28,24 40 × 52 × 24 0.05 66 12 20 20 2 30◦ 9◦ 447
aMachining feature dimensions are given in length × width × depth format
Fig. 7 Procedure to perform
transient coupled
thermomechanical analysis
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(a) (b)
(c) (d)
Fig. 8 Machining simulation for transient thermal analysis of the test part shown in Fig. 5 (process plan detailed in Table 2). a End of
machining operation 1. b Machining operation 5 in progress. c Machining operation 6 in progress. d End of machining operation 8
The back and forth tool path strategy has been exten-
sively used for simulating the machining of parts com-
prising features like, slots, steps, pockets, and nested
features as shown in Fig. 5.
Tf = ElVf (2)
Volmat = ap ∗ ae ∗ Vf ∗ Tf = ap ∗ ae ∗ El (3)
Fsub =  aeEl  + 1 (4)
Tc = cos
−1( D−2aeD ) ∗ z
2π
∗ Tf (5)
Tnc = Tf − Tc (6)
Step 4 Determine transient temperature distribution
in the workpiece
For determining the time-varying temperature distri-
bution in the workpiece during the material removal
process, a transient thermal analysis is conducted fol-
lowing the procedure demonstrated in Fig. 7, where,
by applying the heat dissipation rate Uw (obtained
from Eq. 7) on nodes lying in the approximated cutting
shear plane area (Fig. 4b) normal to the cutting tooth
rotational trajectory (assumed to be a straight line, see
Fig. 4a), temperature distribution in the workpiece over
the entire cutting duration was computed for every feed
step. The applied heat dissipation rate, i.e., Uw, is given
by,
Uw =
(
Kc ∗ hm ∗ ap
) ∗ V ∗ Hw (7)
where Hw is the heat dissipation coefficient for the
workpiece, and its values for different machining fea-
tures (under dry and wet machining conditions) were
estimated experimentally. For simulating slot and step
milling operations on Al-7075 workpiece material, the
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(a)
(b)
Fig. 9 Experimental setups for the test cases shown in Fig. 2.
a Setup for machining a vertical rib. b Setup for machining a
horizontal web
Hw value was set to 0.3 and 0.075 under dry and wet
machining conditions, respectively [21, 22].
In order to model the shear plane shifting along
the radial direction (due to cutter rotation), each feed-
step is further divided into a number of substeps (Fsub,
obtained from Eq. 4) as shown in Fig. 4b. Intermittent
cutting effects are also introduced into the model by
alternatively applying and removing machining loads
(as a function of the undeformed chip thickness (hm)
[6]) during the cutter-workpiece contact duration (Tc,
Eq. 5) and noncontact durations (Tnc, Eq. 6), respec-
tively, as depicted in Fig. 6. The developed thermal
model was tested with complex part geometries sim-
ilar to the one shown in Fig. 5, where a set of dry
milling operations (i.e., air cooling with convection film
coefficient = 7 W/m2-K [21] and ambient tempera-
ture = 291 K) as listed in Table 2 were simulated. The
obtained transient temperature distributions at differ-
ent machining stages are presented in Fig. 8a–d.
Step 5 Perform transient thermomechanical struc-
tural analysis
After the completion of the transient thermal analy-
sis, the milling process transient structural analysis can
be performed (using the procedure depicted in Fig. 7)
by replacing the previously applied thermal bound-
ary conditions with the structural boundary conditions
like clamping loads (calculated using Eq. 8 for clamp-
ing bolts [14]), fixturing constrains, ambient tempera-
ture, etc., on the fixture–workpiece FEM model. The
transient workpiece temperature distributions obtained
from the thermal analysis are applied along with the
cutting force components; Fx, Fy, and Fz (obtained
from the integrated cutting force module developed
based on the approach given in [6]) acting along the
feed, the axial and the radial directions, respectively,
with a uniform distribution over the cutting shear plane
area following the procedure discussed in step 4 and
solved.
Fclamp = T0.2 ∗ Db (8)
where Fclamp is the clamping force (N), T is the applied
torque (N-mm), and Db is the bolt nominal diameter
(mm).
Table 3 Test case description for the experimental validation of the proposed model
Test case m/c Datum (X,Y,Z) Dimensions ft n ap (mm) ae (mm) D (mm) z β α Coolant
feature (mm)a
1 Step 200,64,0 198 × 8 × 40 0.08 50 20 4 20 2 30◦ 9◦ OFF
2 Step 200,64,0 198 × 9 × 32 0.075 25 16 4.5 18 2 30◦ 9◦ OFF
3 Slot 200,10,30 195 × 40 × 9 0.074 50 4.5 10 16 2 30◦ 9◦ OFF
4 Step 200,64,0 198 × 9 × 42 0.09 67 14 4.5 16 2 30◦ 9◦ ON
aMachining feature dimensions are given in length × width × depth format
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Table 4 Sensor location coordinates X,Y,Z (mm) with respect to origin “O” for test cases shown in Fig. 2
Test case T1 T2 T3 D1 D2 D3 D4 S1 S2
1 (10,35,10) (140,35,10) (190,25,10) (10,55,10) (100,55,10) (100,30,10) (190,55,10) (50,35,10) (160,50,10)
2 (10,35,10) (140,35,10) (190,25,10) (10,55,10) (100,55,10) (100,30,10) (190,55,10) (50,35,10) (160,50,10)
3 (20,0,20) (180,0,35) xx (190,0,20) (100,0,25) xx xx (60,0,25) (150,0,35)
4 (10,35,10) (140,35,10) (190,25,10) (10,55,10) (100,55,10) (100,30,10) (190,55,10) (50,35,10) (160,50,10)
Step 6 Postprocess numerical results
Finally, the obtained numerical results are processed
by the developed report generator module and results
are presented in the form of colored contours and
graphs showing the transient temperature distribution
and part deformations at specific nodal locations as
shown in Figs. 8, 10, 11, 12, 13, 14, 15, 16, 17, 18,
and 19. This module also allows the user to prepare
3D animated films for the visualization of the fixture–
workpiece transient temperature distribution, contact
behavior, and the part deformations over the entire
machining duration.
4 Implementation and testing
The Ansys parameteric design language programming
features were extensively used for the implementation
of the aforesaid modules of the developed FEM-based
milling simulation tool. For testing its functional capa-
bilities, the developed system was installed on a Win-
dows workstation-equipped XeonTM CPU 3.00 GHz
and 2.00 GB of RAM configuration. The proposed
model has been extensively tested using 2.5D prismatic
parts with varying complexities provided by the KoBaS
project [4] industrial partners, viz., (1) MCM s.p.a,
Italy, a medium-size machining center manufacturing
enterprise and (2) Quinson s.a., France, an aircraft
part manufacturer. Looking at various aircraft struc-
tural parts available at their manufacturing sites, it was
found that the thin-wall, large-size parts were mainly
comprised of machining features like deep rectangular
pockets, slots, and steps. Therefore, in order to test the
adequacy of the developed model in handling complex
part geometries and determining final machined part
quality, two different test part sets were used, viz.,
(1) parts having multiple machining features per setup
(similar to the one shown in Fig. 5) and (2) with one
or two machining features. Using the same test cases,
practical experiments were also performed and various
measurements (at different workpiece locations) were
made to obtain transient temperature distribution pro-
files, part deflections, and stress profiles using appro-
priate transducers over the entire cutting duration. The
next sections detail the experimental validation of the
proposed model, followed by results and discussions.
5 Experimental verification
In the presented work, a detailed experimental analy-
sis was also carried out with the help of our indus-
trial partner MCM s.p.a, Italy, for validating the
numerical results, namely, the workpiece (1) tempera-
ture distributions, (2) displacements, and (3) stresses
induced during the metal removal process. For mea-
suring the workpiece temperature distribution, part
deflection, and stresses, thermocouples, Keyence EX-
305 inductive displacement sensors, and HBM 350
strain gauges were employed, respectively. A total of
14 tests on Al-7075 workpiece material were performed
using a three-axis SELCA controller vertical spindle
milling center under dry and wet machining condi-
tions. On each raw-stock, thermocouples and strain
gauges were bonded at different locations and inductive
sensors (having measuring distance limit of 1.0 mm)
were placed 0.5 mm apart from the workpiece surface
through hollow bolts mounted on specially designed
fixtures (as shown in Fig. 9), and a multipass (both in
axial and radial directions) machining operation was
performed for generating a pocket, a slot, or a step
feature. Table 3 details the operation plan for a set of
four test cases used in the present experimental analy-
sis. For test cases 1, 2, and 4, the experimental setup
shown in Fig. 9a was used for generating a vertical rib
Table 5 Element size (mm)
for generating adaptive Mesh
of the raw stock
Test case Cut volume Uncut volume
El El Eh El El Eh
1 4 4 4 4 2 4
2 4.5 4.5 4 4.5 1 4
3 5 5 4.5 5 5 1
4 4.5 4.5 3.5 4.5 1 3.5
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Table 6 Computed cutting force components and heat dissipa-
tion rate for the test cases given in Table 3
Test case Fx(N) Fy(N) Fz(N) Uw(W)
1 750 111 235 904
2 757 115 301 305
3 302 62 433 150
4 818 126 374 190
through machining a step feature, whereas in test 3, the
experimental setup shown in Fig. 9b, along with a slot
machining operation, was used for generating a hori-
zontal web feature. In all experiments, a raw-stock of
dimensions 200 × 64 × 10 mm was used and parts were
machined without coolant for tests 1–3 and with coolant
for test 4. For measuring the temperature, deflection,
and stress profiles during cutting, in tests 1, 2, and 4,
three thermocouples (T1, T2, and T3), four displace-
ment inductive sensors (D1, D2, D3, and D4), and two
strain gauges (S1 and S2) were employed (as shown in
Figs. 3a and 9a), and for test 3, a total of six sensors (T1,
T2, D1, D2, S1, and S2), as depicted in Figs. 3b and 9b,
were mounted on the workpiece unmachined surface.
Sensor location coordinates for the used test cases are
listed in Table 4. During the experiments, signals from
all the sensors were acquired simultaneously by the
MDT2 (displacement and temperature data acquisition
system) and CATMAN (strain data acquisition system)
software installed on two laptops.
In order to verify the numerical results, the same
tests were simulated using the developed milling sim-
ulation software under identical machining conditions.
First, the fixture–workpiece FEM models for the con-
sidered test part geometries as shown in Fig. 3a (for
Fig. 10 Predicted and
measured temperature
profiles at T1 for test cases 1
and 2 in Table 3. a Test case 1
(without coolant). b Test case
2 (without coolant)
(a)
(b)
438 Int J Adv Manuf Technol (2009) 42:429–449
Fig. 11 Predicted and
measured temperature
profiles at T1 for test cases 3
and 4 in Table 3. a Test case 3
(without coolant). b Test case
4 (with coolant)
(a)
(b)
tests 1, 2, and 4) and Fig. 3b (for test 3) were created
using the developed fixture design module. In all the
test cases clamping bolts of diameter 10 mm were used.
In order to reduce the computational time, the FEM
model of the raw-stock for each test case was modeled
using the adaptive mesh approach with element size
listed in Table 5. The meshing of the fixture elements
and contact surfaces were performed automatically us-
ing the ANSYS program automesh capabilities. After
applying appropriate thermomechanical boundary con-
strains (sequentially) on the fixture–workpiece config-
uration, the material removal process was simulated
using the computed peak load values as presented in
Table 6. A clamping load of 1,000 N (using T = 2,000 N-
mm for one-hand operation [14]) was applied on each
bolt in all the test cases. In test 4, the rise in convective
heat transfer rate due to the application of coolant was
modeled by applying a convective film coefficient of
2,700 W/m2-K [21] and coolant temperature of 291 K
on the workpiece surfaces exposed to the coolant jet.
The obtained nodal results, i.e., temperature profiles, Z
displacement (Uz) contours and the von misses stress
(SEQV) contours at respective sensor locations for the
used test cases are presented in Figs. 10–19.
6 Results and discussions
In the first experimental validation phase of the de-
veloped FEM-based milling simulation model, simple
test part geometries needing a pocket, a step, or a slot
machining operation were considered to (1) simplify
the experimental setup design, (2) gain in-depth under-
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Fig. 12 Predicted and
measured deflection profiles
for test case 1 in Table 3.
a Predicted Z deflection
profiles for test case 1 at D4.
b Measured Z deflection
profiles for test case 1 at D4
(a)
(b)
standing of the workpiece behavior during machining,
and (3) have better interpretation of the measured re-
sults. The predicted and measured temperature profiles
for tests 1–4 at T1 thermocouple location are presented
in Figs. 10 and 11. It is observed that both predicted
and measured temperature profiles in all the test cases
show similar trends over the entire machining duration
and reached the same peak values. Referring to Figs. 10
and 11, the sudden rise and fall in the temperature pro-
files represents the nearness of the moving heat source
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Fig. 13 Predicted and
measured deflection profiles
for test case 2 in Table 3.
a Predicted Z deflection
profiles for test case 2 at D1.
b Measured Z deflection
profiles for test case 2 at D1
(a)
(b)
(cutter) to the measuring points during the axial and
radial cutting passes. A small difference in the slopes of
the predicted and measured temperature profiles can
be seen, which is mainly due to machining load applica-
tion strategy (as discussed in Section 4) developed in
the present work for enhancing computational effi-
ciency of the proposed model. Looking at Fig. 11b, it is
evident that, during wet machining (i.e., with coolant),
the heat dissipation rate increase due to forced convec-
tion, and thus, the rise in workpiece temperature, was
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Fig. 14 Predicted and
measured deflection profiles
for test case 3 in Table 3.
a Predicted Y deflection
profiles for test case 3 at D2.
b Measured Y deflection
profiles for test case 3 at D2
(a)
(b)
found to be negligible except for instances when the
cutter was closer to the measuring sensor locations as
seen in the plotted temperature profiles. On the con-
trary, in dry machining (in tests 1–3), the temperature
profile rises gradually due to the low convective heat
transfer rate (i.e., natural convection) and continuous
heat flow into the workpiece.
For tests 1–4, part deflections during machining
were examined both experimentally and numerically,
and the results are presented in Figs. 12–15. Re-
ferring to Figs. 12–15, it is seen that the deflection
profiles obtained numerically and experimentally at
different measuring points show identical behavior.
For instance, looking at Fig. 13, it is evident that the
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Fig. 15 Predicted and
measured deflection profiles
for test case 4 in Table 3.
a Predicted Z deflection
profiles for test case 4 at D1.
b Measured Z deflection
profiles for test case 4 at D1
(a)
(b)
part Z deflection sensed by D1 increases as the cutter
moves towards the sensor and decays as the cutter
passes by. Similar trends were observed for sensor
D4, as shown in Fig. 12 (for test 1), and D1 in test
4 (Fig. 15). For test case 3, the horizontal-web de-
flections were measured along the “Y” direction (see
Figs. 3b and 9b). In test 3, as the cutter moves from
the first axial pass to the second the part, rigidity
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Fig. 16 Predicted and
measured Von Mises stress
for test case 1 in Table 3.
a Predicted Von Mises stress
profiles for test case 1 at S2.
b Measured Von Mises stress
profiles for test case 1 at S2
(a)
(b)
decreases, causing much higher deflections compared
to the first pass as seen in Fig. 14. Also, in Figs. 12, 13,
and 15, the deflection amplitude during the second ra-
dial pass is higher compared to the first for two reasons,
viz., (1) decreased part rigidity and (2) cutting force
radial (Fz) component acted along the +Z direction.
The cyclic fluctuations in the deflection contour (as
observed in Figs. 12–15) are mainly due the application
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Fig. 17 Predicted and
measured Von Mises stress
for test case 2 in Table 3.
a Predicted Von Mises stress
profiles for test case 2 at S1.
b Measured Von Mises stress
profiles for test case 2 at S1
(a)
(b)
and removal of the cutting forces during the cutter
workpiece contact and noncontact durations.
In the present work, part deformations during
machining were also analyzed both experimentally
and numerically and the obtained Von Mises stress
profiles for the used test cases are depicted in
Figs. 16–19. Looking at Figs. 16–18, the gradual
rise in the stress profile and the cyclic fluctua-
tions shows the influence of thermal and mechanical
loads, respectively, whereas, in test 4, the mechanical
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Fig. 18 Predicted and
measured Von Mises stress
for test case 3 in Table 3.
a Predicted Von Mises stress
profiles for test case 3 at S2.
b Measured Von Mises stress
profiles for test case 3 at S2
(a)
(b)
loads dominate due to the presence of coolant, and
thus, cyclic fluctuations were only observed. The spikes
seen in the stress profiles (Figs. 16–19) show in-
stances when the cutter was closer to the strain gauges
imposing higher strain amplitudes. In all the considered
test cases, it was found that the part thermome-
chanical deformations lie well below the elastic limit
[yield strength (Y) = 503 MPa] of the workpiece
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Fig. 19 Predicted and
measured Von Mises stress
for test case 4 in Table 3.
a Predicted Von Mises stress
profiles for test case 4 at S1.
b Measured Von Mises stress
profiles for test case 4 at S1
(a)
(b)
material. The close resemblance between the mea-
sured and numerically predicted temperature, deflec-
tion, and stress profiles successfully demonstrated the
capabilities of the developed FEM-based milling sim-
ulation system for simulating the transient thermome-
chanical aspects of machining and assisting manufac-
turing engineers in designing appropriate machining
strategies.
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7 Conclusions
In this research work, a FEM-based transient milling
simulation model was developed for the prediction
of workpiece transient temperature distributions, dis-
placements, and stresses in a 3D virtual manufacturing
environment by considering the effects of overall ma-
chining process parameters. The proposed system was
extensively tested for a large variety of 2.5D prismatic
parts with different degrees of geometrical complex-
ities and various combinations of cutting parameters
and fixture assemblies. It was found that the cutting
parameters ( ft and n), workpiece thermal properties,
and coolant have a major influence on the heat dissi-
pation rate and fixturing, clamping loads, workpiece-
specific cutting pressure (Kc), and cutting parameters
like feed rate and depth of cuts influence the part
stability and localized deformations. The obtained tran-
sient numerical results were validated with real field
data obtained during the course of this research work
and will be validated further for different workpiece
materials (like steel and titanium) and complex part
geometries in future work. A good agreement between
the numerical and experimental data shows the validity
of the presented FEM-based milling simulation model
in handling real-field problems. The main advantages
of the presented system over previous works [7, 9, 17–
19] and the traditional computer-aided manufacturing)
software [2, 23, 24] are the following:
• Performs transient thermomechanical coupled field
analysis of the overall machining process in a 3D
environment.
• Provides a fast and accurate means for testing the
stability of a designed fixture under transient load-
ing conditions.
• Predicts the workpiece nonlinear behavior during
machining due to its changing geometry, inelastic
material properties, and fixture–workpiece flexible
contacts.
• Incorporates an integrated analytical machining
load model.
• Allows its efficient use in an interactive environ-
ment due to its simplicity in software design.
• Generates reports automatically, which makes the
FEM results postprocessing task easier, which is
always complex and very time consuming.
The developed simulation package would be an
efficient means for analyzing the thermal–mechanical
aspects of machining and their influence on resulting
machined part quality. Thus, it allows manufacturing
engineers to set appropriate machining process para-
meters and obtain better machining results without
needing preliminary cutting trials, which generally de-
mands huge investment in terms of both time and
money.
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